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Abstract In recent years there has been an increasing interest in the development of hybrid biofilm reactors,
especially in the upgrading of existing WWTP that are no longer able to respect concentration limits. In fact,
today’s challenge is the achievement of a good aquatic state for the receiving water bodies according to the
Water Framework Directive requirements, which indeed limit even more the continuous emissions, i.e.
coming from WWTP. This paper presents the setting up of a mathematical model for the simulation of a
hybrid MBBR system; the model calibration/validation has been carried out considering a field gathering
campaign on an experimental pilot plant. The main goal is to gain insight about MBBR processes attempting
to overcome main shortcomings in particular referring to the modelling aspects. The model is made up of
two connected sub-models for the simulation of the suspended and attached biomass. The model is mainly
based on the concepts of the activated sludge model No. 1 (ASM1) for the description of the biokinetic
process both for the suspended and for the attached biomass. The results show a good agreement
between predicted and observed values both for the attached and for the suspended biomass moreover
they are encouraging for further researches.
Keywords Hybrid moving bed biofilm reactor; MBBR; model nitrification; organic carbon removal; pilot
scale
Introduction
Aerobic biological systems for wastewater treatment are based on either suspended or
attached growth. Recently, the combination of the two types of growth in one system has
been found to be advantageous for improvement of the efficiency and/or capacity of
existing wastewater treatment plant (WWTP). In this context, hybrid moving bed biofilm
reactors (MBBRs) seem to be a good solution for several treatment plants that basically
do not respect effluent limits. Indeed, such systems can be adopted to upgrade existing
overloaded activated sludge plants without building new tanks. With regards to the tra-
ditional biological suspended biomass systems, MBBRs are characterised by the contem-
poraneous presence of suspended and attached biomass. The latter grows attached on
small carrier elements that move freely along with the water in the reactor (Ødegaard
et al., 1994; Rusten et al., 1995). The developed biofilm increases the total biomass, as
well as the pollutant removal rate. In addiction, the hybrid reactor improves the removal
of various types of substances since different species of bacteria, particularly the slow
growers (such as nitrifiers), are able to grow in the biofilm (Chen et al., 1997). Interesting
advantages of hybrid MBBRs, especially looking at the traditional fixed bed biofilm reac-
tor (biofilters), regard the low head losses, no filter channelling and no need of periodic
backwashing (Pastorelli et al., 1999). Regarding the filling ratios of MBBRs, in order to
be able to move the carrier suspension freely it is warmly recommended that the filling
ratio should be below 70%. However, despite the advantages that hybrid reactors seem to
give, such systems are more complex compared to the biofilm or the pure suspended
growth reactor. Analysis of the system is difficult due to the need for biofilm analysis,
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differentiation between suspended and attached growth behaviour, and the complexity of
the combined system.
Regarding the modelling of such systems, in the past, several attempts have been
made to obtain a better understanding of the structure, as well as the basic behaviour of
the biofilm systems. On the other hand, few models have been developed for the simu-
lation of the hybrid systems and mainly for steady state conditions (Chen et al., 1997;
Pastorelli, 1996; Lee, 1992).
A wide range of biofilm models is currently available in technical literature (Noguera
et al., 1999). In particular, such models can be divided into two main groups: detailed
models and simplified ones. The former are aimed to describe the single processes such
as the exact mechanisms which cause a biofilm to develop on a certain shape. On the
other hand, simplified models focus on a reduced number of processes for which less
data are more frequently available. However, despite the fact detailed models offer a
good description of the ongoing processes, they are often onerous regarding calculation
time. This fact, which often leads to lengthy simulation times, prevents a feasible appli-
cation and puts the attention on the simplified ones.
The present study has focussed on the development of a simple dynamic mathematical
model that could be useful in the design as well as in the management of MBBR
systems.
The model is mainly made up by two sub-models: one for the simulation of suspended
biomass and the other one for the attached biomass. The model algorithms are based on
previously developed models from the technical literature. More specifically, for the
simulation of the suspended biomass the classical ASM No. 1 concepts based on the
Monod’s theory have been implemented (Henze et al., 1987). On the other hand, for
the biofilm modelling, a simple dynamic model for fast simulation of the removal of mul-
tiple substrates by different bacterial species has been adopted (Rauch et al., 1999).
The basic idea behind the biofilm model implementation is to decouple the calculations
of the two major processes in the biofilm: substrate diffusion and biochemical conversion.
The separate assessment of substrate diffusion allows to relate the penetration depth of
substrates to a fraction of biomass that is active in conversion.
The model application as well as preliminary results of a field gathering campaign on
an experimental MBBR hybrid pilot plant will be presented.
Materials and methods
Description of the pilot plant
The pilot plant was built at the Palermo (IT) municipal WWTP (Acqua dei Corsari) and
it is constituted by two lines with the same reactors but with different filling ratios
(Figure 1). Each treatment line consisted of a 6.5 L anoxic reactor, a 6.5 L aerobic one
and a 3.5 L final settler.
The pilot plant has been operated for a period of approximately 3 months, the first of
which was necessary for achieving good working conditions. The plant was continuously
fed with a constant flow rate of 1 L/h of primary settled wastewater and an organic load
of 0.08 kgCOD/m3d. Return sludge was pumped from the clarifier to the anoxic tank con-
sidering a recycling rate equal to the influent flow rate. Nitrate recycling was operated
from the aeration tank outlet to the anoxic tank with a 4 L/h flow rate.
The aerobic reactors were characterised by two different filling ratios of 35% (line 1)
and 66% (line 2), corresponding to a theoretical specific surface area of 190 and
330m2/m3, respectively. Mixing was guaranteed in the anoxic tanks by mechanical stir-
rers, while in the aerobic ones by the aeration systems, a coarse-bubble ones, installed at
the bottom of each reactor. Special sieve arrangements, to retain the carriers within the
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aerobic reactors, have been adopted. The support material used was the Kaldnes Miljøte-
knology K1, whose characteristics are summarised in Table 1.
During the field campaign, total suspended solids (TSS) and volatile suspended solids
(VSS) referring to the fixed and suspended biomass, total COD (totCOD), soluble floccu-
lated COD (solCOD), readily biodegradable COD (Ss), N-NH4, N-NO3 dissolved oxygen,
temperature, pH and air flow rate were monitored. All the analysis was carried out
according to the Standard Methods (APHA, 1995), whereas COD was analysed according
to Mamais et al. (1992). All the matter was classified into two groups: the soluble matter
that can pass 0.45mm GF/C filter and the particulate one that cannot (Gujer et al., 1999).
In Table 2, the different fractions of the influent organic matter evaluated using
respirometric technology are reported. The measured percentages are in agreement with
the common values reported in technical literature (Henze et al., 1987). Regarding the
respirometry, the “flow-gas/static-liquid” type as batch respirometer was used for the
analysis.
Model description
As discussed above, a mathematical model for the simulation of both suspended and
attached biomass has been worked out. Such a model was aimed at quantitatively evaluat-
ing the role of both suspended and attached biomass in their overall contribution toward
pollutants removal. Particular attention was paid on the simulation of the different bio-
mass kinetics as well as the interactions between the species.
The model is mainly made up of two different sub-models for the simulation of the
attached and suspended biomass. More specifically, the suspended biomass has been
modelled according to the concept of the well-known ASM1 considering mass balance
equations for the different substances and utilising the Monod-type kinetics for the
different substrates (Henze et al., 1987). In particular, the following processes have been
simulated:
† aerobic growth and decay of heterotrophs;
† anoxic growth and decay of heterotrophs;
Table 1 Characteristics of media carriers
Diameter mm Height mm Density kg/m3 Total surface m2/m3 Internal surface m2/m3
9.1 7.2 0.98 800 500
Primary settled 
wastewater
Air blowers
 MBBR 35%
Return sludge 
Nitrate recycling
Effluent
Feeding pump
Settling tank
Feeding pump
C
Waste sludge
Return sludge 
Nitrate recycling
Anoxic tank
Effluent
Waste sludge
Anoxic tank
 MBBR 66%
line 1
line 2
Settling tank
Figure 1 Experimental pilot plant scheme
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† aerobic growth and decay of autotrophs;
† ammonification of soluble organic nitrogen;
† hydrolysis of entrapped organic nitrogen.
With regard to heterotrophs and autotrophs decay, the approach suggested in the ASM3
was adopted (Gujer et al., 1999). In particular, according to the adopted approach the
decay of the biomass contributes to the oxygen consumption and to the inert particulate
production unlike the “death-regeneration” approach adopted in ASM1.
The model considers the simulation of both dissolved and particulate substances; in
particular the components considered are: SS, XS, SI, XI, heterotrophic biomass XB,H, dis-
solved oxygen SO, ammonia SNH, soluble nitrate nitrogen SNO, soluble biodegradable
organic nitrogen SND, slowly biodegradable organic nitrogen XND, autotrophic biomass
XB,A. The all model components have been expressed as a fraction of the COD; the con-
version between COD and TSS has been evaluated considering the following equation:
MLSS ¼ iSS;XIXI þ iSS;XSXS þ iSS;BHXB;H þ iSS;BAXB;A ð1Þ
where MLSS is the mixed liquor suspended solids mgTSS/L, iSS;XI; iSS;XS;iSS;BH;iSS;BA are
the stoichiometric conversion parameters whose values have been chosen from literature,
respectively, for the last two, 0.9, and for the others 0.75 gTSS/gCOD (Henze et al.,
1987).
Referring to the attached biomass contribution, the sub-model has been inspired to a
simple dynamic model proposed by Rauch et al. (1999) that allowed fast but sufficiently
accurate simulation of biofilm dynamics. Indeed, a very detailed mathematical description
of the processes in mixed-culture biofilms has some drawbacks that can be identified in
the computational efforts for solving the resulting set of partial differential equations as
well as in a general high model complexity. The underlying concept of the developed
sub-model is to decouple the modelling of the diffusion process and spatial distribution
of bacterial species from the biokinetic reactions. The achievement of such a goal was
carried out by means of a two step procedure where: (i) for each conversion process that
is influenced by diffusion mechanism the active fraction of the biomass within the biofilm
is computed by means of a simple analytical solution to the problem, and (ii) all conver-
sions within the biofilm are then calculated as if the biofilm were an ideally mixed reactor
but with only the active fraction of the species contributing (Rauch et al., 1999). The
avoidance of the numerical solution of partial differential equations by using the sequen-
tial two-step procedure results in a fairly simple model structure.
Regarding the biofilm compartment, generally two phases are distinguished: the liquid
phase, in which the dissolved substances are transported for effect of diffusion phenom-
ena, and the solid matrix, which is characterised by several bacterial species, as well as
of particulate substrate and inert material. The attached biomass modelling has been
worked out considering the system as two connected ideally mixed tank reactors: the first
tank representative of the bulk liquid, i.e. the water phase outside of the biofilm, and the
second one of the effective biofilm.
In order to study the interaction between the biofilm and the bulk liquid compart-
ments, the dissolved and particulate constituents have been singled out. In fact, while
Table 2 Average percentage of the organic matter fractions in the influent
SS % XS % SI 1 XI %
15 75 10
SS: readily biodegradable substrate; XS particulate slowly biodegradable substrate; SI: soluble inert
substrate; XI: particulate inert substrate
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dissolved substances are transferred from the bulk into the biofilm and further transported
by means of molecular diffusion, particulate components cannot be transferred within the
biofilm but will be adsorbed on the biofilm surface, i.e attachment process, or displaced
leading to a biofilm loss i.e. detachment process. Consequently, particular care has been
addressed to the attachment/detachment process since it plays a central rule in the
simulation of the interactions among the two sub-systems: suspended and attached
growth.
In relation to the biofilm characteristics as well as to the substrate concentrations in
the bulk liquid, the soluble compounds can completely or partially penetrate the biofilm.
In the former case, completely biofilm penetration, in order to simulate the soluble
substrate transfer from the bulk liquid to the biofilm the analytical solution proposed by
Harremo¨es (1978) has been implemented. In this case, considering a mass balance for
biofilms with an idealised geometry, steady state conditions and under the hypothesis of
zero-order reaction for the bacterial species the following equation for the evaluation of
the penetration depth of the substrate Si in the biofilm is proposed:
zi ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DiSio
ri
r
ð2Þ
where Sio is the concentration of substrate Si in the bulk liquid, Di the diffusion coeffi-
cient for the substrate ith and ri the zero order conversion rate of the substrate Si. In par-
ticular ri has been estimated as follows:
ri ¼
j
X
2 mj Xj y ij ð3Þ
where mj is the specific growth rate of the species j, Xj the concentration of the j-th
bacteria and yij the stoichiometric coefficient.
Equation 2 is valid only for steady state solution however such solution has been
accepted since as outlined in Kissel et al. (1984), the characteristic time of the film
diffusion phenomena is approximately one order of magnitude smaller than the time
scale of reactions in the film. Consequently, the model considers that the substrate profile
reaches an equilibrium very fast.
For partial biofilm penetration the model continues to consider the same solution
proposed by Harremo¨es by introducing the concept of “active fraction” for the biomass
species Xj. More specifically, as pointed out by Rauch et al. (1999) when there is
substrate limitation, the biofilm is partitioned in an active (upper) part and an inactive
part close to the substratum. This limitation effect can also be expressed by assuming
only a certain fraction of the biomass to be active.
Regarding the simulation of the biomass loss, the rate of the biomass detachment kd
has been simulated according to the Horn and Hempel (1997) approach considering the
velocity uf by which the biofilm surface moves perpendicular to the carrier surface. In
particular, if the velocity uf is higher than zero than the rate of biomass detachment is
Kdt £ uf, where Kdt is the detachment coefficient, otherwise the biofilm loss is zero.
A global view of components and processes that constitute the model, based mainly on
Petersen matrix, is reported in Table 3. In Table 4 the main model parameters both for
attached and suspended biomass have been reported.
The model parameters have been evaluated on a combination of direct use of
measured data, literature data and calibration by mean of the GLUE methodology (Beven
and Binley, 1992) choosing as a likelihood measure the Nash and Sutcliffe efficiency
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Table 3 Process matrix of the model
Process j
Component i SS XS XI XB,H XB,A XB,Hat SB,Aat SO SNO SNH SND XND Process rate rj
1 Aerobic het. growth 2 1YH 1 2
12YH
YH
2 iXB m^H
S0
KO;HþS0
SS
KSþSS XB;H
2 Anoxic het growth 2 1YH 1 2
12YH
2:86YH
2 iXB m^H
KO;H
KO;HþS0
SS
KSþSS
SNO
KNOþSNO hgXB;H
3 Aerobic aut growth 1 2 4:572YAYA
1
YA
2iXB 2 1YA m^A
SO
KO;AþSO
SNH
KNHþSNH XB;A
4 Het decay 1 2 fp fp 21 iXB 2 fpiXP bHXB,H
5 Aut. decay 1 2 fp fp 21 iXB 2 fpiXP bAXB,A
6 Ammonif. 1 21 kaSNDXB,H
7 Hydrolysis
Org. Comp.
1 21 kh
XS =XB;H
KXþðXS =XB;HÞ
SO
KOþSO
 h
þ ng KO;HKO;HþSO
 
SNO
KNOþSNO
 i
XB;H
8 Hydrolysis organic N 1 21 r7XND/XS
9 Biof. aer. het. growth 2 1YHat 1 2
12YHat
YHat
2 iXBat m^HatXfB;HatfH
10 Biof. anox, het,
growth
2 1YHat 1 2
12YHat
2:86YHat
2 iXBat m^HathgatXfB;Hatf
*
Hanox
11 Biof, aer, aut. growth 1 2 4:572YAatYAat 1/YAat 2iXBat 2
1
YAat
m^AatXfB;AatfA
12 Biof het decay 1 2 fpat fpat 21 iXBat 2 fpatiXPat bHatXB,Hat
13 Biof. aut. decay 1 2 fpat fpat 21 iXBat 2 fpatiXPat bAatXB,Aat
14 Biof. hydrolysis
org. comp.
1 21 iXBat kHatXS
15 Biof. hydrolysis
org. N
1 21 KhatXS(XND/XS)
16 Biof. ammonif. 21 kaatSNDXfB,Hat
G.Manninaetal.24
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index (1970). Diffusion and stoichiometric coefficients for the attached biomass have
been taken from literature (Horn and Hempel, 1997).
Regarding the respirometric analyses, the two type of biomass have been investigated:
attached and suspended. For the former the maximum growth rate and the yield coeffi-
cients for the heterotrophic and for the autotrophic biomass, respectively m^Hat; YHat, m^Aat;
YAat, have been evaluated. On the other hand, regarding the suspended biomass the maxi-
mum growth rate, the yield coefficient and the ammonia half-saturation coefficient for the
heterotrophic, respectively m^A, YA, KNH, have been assessed by respirometric analyses.
The coefficient of the heterotrophic suspended biomass, have been evaluated by model
calibration considering the best fit between the simulated and the measured data. In par-
ticular, the optimisation between measured and simulated data was carried out by com-
paring the MLSS in the anoxic and aerated tanks and the ammonia of the aerated tank.
The parameters using respirometric technique as well as model calibration have been per-
formed only for the system with a filling ratio of 35%; the same parameter values have
been adopted for the other system (MBBR 66%).
Table 4 Main model parameters
Symbol Parameter Value M.U.
Suspended biomass
m^A aut. max. growth rate 0.14 d
21
YA aut. yield coefficient 0.63 mgCOD/mgNH4
KNH saturation coefficient for ammonia 0.15 mg/L
m^H het. max growth rate 6 d
21
YH het. yield coefficient 0.75 mgCOD/mgCOD
KS saturation coefficient for organic matter 10 mg/L
KOH het, saturation coefficient for oxygen 0.2 mg/L
KOA aut. saturation coefficient for oxygen 0.4 mg/L
KNO saturation coefficient for nitrate 0.5 mg/L
bH het. decay rate 0.3 d
21
bA aut. decay rate 0.2 d
21
hg correc. factor for anoxic het. growth 0.8 –
hh correc. factor for anoxic hydrolysis 0.4 –
Kh hydrolysis rate 3 mgCODp/(mgCOD*d)
Kx hydrolysis constant 0.1 mgCODp/mgCOD
Ka organic N transformation coefficient to ammonia 0.05 L/(mgCOD*d)
fp fraction of inert material in biomass 0.08 –
ixb ammonia fraction in biomass 0.08 mgN/mgCOD
ixp ammonia fraction in particulate products 0.06 mgN/mgCOD
Attached biomass
m^Hat het. max. growth rate 2.4 d
21
m^Aat aut. max. growth rate 0.4 d
21
YHat het. yield coefficient 0.85 mgSS/mgNH
YAat aut. yield coefficient 0.51 mgSS/mgNH
bHat het. decay rate 0.015 d
21
bAat aut. decay rate 0.04 d
21
hgat correc. factor for anoxic het. growth 0.8 –
hhat correc. fractor for anoxic hydrolysis 0.5 –
Khat hydrolysisi rate 0.08 d
21
Kxat hydrolysis constant 0.1 mgCODp/mgSS
Kaat organic N transformation coefficient to ammonia 0.05 L/(mgCOD*d)
fpat fraction of inert material in biomasss 0.08 –
iXBat ammonia fraction in biomass 0.08 mgN/mgCOD
iXPat ammonia fraction in particulate products 0.06 mgN/mgCOD
Kdt detachment coefficient 0.1 –
DSo Diffusion coefficient for oxygen 2.1 cm
2/d
DSs Diffusion coefficient for org. matter 0.58 cm
2/d
DSnh Diffusion coefficient for ammonia 1.8 cm
2/d
rm Biofilm density 25 Kg/m
3
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The model has been developed in Fortran programming language; such aspect is
important from the model computational time requirements especially in case of long
term simulation analysis.
Results and discussion
The model has been applied to a period of 15 days considering dynamic conditions
regarding the influent concentrations and constant ones for the flow rate. Figure 2 and 3
show the model results, respectively, for the 35 and 66% MBBR plant. The model agree-
ment level between predicted and measured data is acceptable, furthermore it shows a
good ability to reproduce different filling ratio plants. Indeed, the model agreement for
the 66% MBBR system demonstrates a good model predictive capacity since no change
of the model parameters value was considered.
Measured data on the two hybrid MBBR systems are shown in more detail in Table 5.
The average efficiencies for totCOD removal were 90.16 and 88.3% for the 35 and 66%
filling ratios respectively, underlying a very high removal efficiency for both reactors.
The maximum influent COD concentration resulted 632mg/L, while the average inflow
concentration was of 437mgCOD/L and an average outflow totCOD of 37 and
38mgCOD/L for 35% and 66% filling ratio.
Comparing the results obtained with the two parallel lines, it can be observed that
35% MBBR totCOD removal efficiency were higher than the other one. On the contrary,
the soluble COD removal resulted quite similar. Such an aspect is almost related to the
different biomass species concentrations, as addressed by other authors (Andreottola
et al., 2000). In fact, in the 35% filling reactor, suspended growth concentration was
higher than the 66% one (see Figures 2b and 3b).
Regarding the nitrogen removal efficiency analogous results have been registered.
More specifically, the average nitrification efficiency of both reactors were very high
resulting in 98.8 for 35% filling MBBR and 97.2 for 66% filling MBBR. The better per-
formances of the reactor with the lower filling ratio is mainly due to an higher suspended
biomass concentration in the 35% MBBR system (Figure 2b) respect to the 66% one
(Figure 3b). The plants also showed a good nitrate removal efficiency demonstrating
hence, not only an effectiveness with respect to the nitrification but also for the denitrifi-
cation processes.
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Figure 2 Observed and simulated a) solCOD, b) MLSS and c) N-NH4 for the 35% reactor
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Figure 3 Observed and simulated a) solCOD, b) MLSS and c) N-NH4 for the 66% reactor
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Conclusions
A simplified dynamic mathematical model has been developed to simulate a hybrid mov-
ing bed bioreactor. The model is able to simulate both attached and suspended biomass
considering their reciprocal interactions. In order to gain in simulation speed, the model
considers the hypothesis of zero order biodegradation kinetics which allows the descrip-
tion of the mass transport to be separated through diffusion from the mass conversion
process. The model has been applied to an experimental pilot plant made up of two paral-
lel hybrid MBBR systems with a different filling ratio. Respirometric analysis aimed at
the evaluation of the model kinetic constants coupled to the measurements of the pro-
cesses parameters enabled the implementation of the developed model. The model results
showed a good agreement between predicted and observed data.
Further development of the research will regard the evaluation of the model perform-
ance for a longer period considering a prosecution of the field campaign that is still in
progress.
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